Introduction
Head-mounted displays (HMDs) are head-worn display devices that superimpose computer-generated imagery over the wearer's field of view [1, 2] (Fig. 1 ). Anesthesiologists wearing an HMD can monitor the patient's vital signs and the surgical field simultaneously, without needing to continually turn towards the anesthesia workstation to scan the patient monitor (Fig. 2) . The HMD can potentially display all of the information presented on the standard patient monitor, for example vital signs such as heart rate and ECG waveform, inhaled gas concentrations, ventilator settings, or alarm messages (Fig. 3) .
As anesthesiologists need to monitor both the patient's vital signs and the surgical field, much as pilots monitor both the aircraft's instruments and the outside environment, the two major advantages of the head-up displays used in aviation [3] might also apply to anesthesia monitoring with HMDs [4] [5] [6] .
First, pilots can monitor a head-up display and the outside environment in parallel and divide their attention between them [3] . In simulator-based aviation studies, pilots detect changes to the instruments faster using head-up displays than using head-down displays [7] . This finding has been demonstrated in anesthesia, where anesthesiologists in a full-scale simulator detected critical patient events faster with an HMD than with standard monitoring alone [8] , and this has been replicated with surgeons performing simulated surgical procedures [9] .
Second, pilots using a head-up display would have less need to visually scan their instruments than when using a head-down display [3] . An anesthesiologist using an HMD would potentially have less need to scan the patient monitors and could therefore reduce the time spent looking towards the anesthesia workstation. In another fullscale simulator study in which anesthesiologists responded to simulated critical events, the anesthesiologists using an HMD were able to spend a larger proportion of time looking towards the patient, a smaller proportion of time looking towards the monitors, and turned to look at the monitors less frequently, than when using the standard monitoring display [10] . This finding was also replicated by the simulator study with surgeons [9] .
Although the key advantages of head-up displays in aviation have been replicated with HMDs in anesthesia, there have been no investigations prior to the review Purpose of review Head-mounted displays (HMDs) are head-worn display devices that project an information display over the wearer's field of view. This article reviews a recent program of research that investigates the advantages and disadvantages of monitoring with HMDs, and discusses the design considerations and implementation issues that must be addressed before HMDs can be clinically adopted.
Recent findings
HMDs let anesthesiologists spend a larger proportion of their time in the operating room looking towards the patient and surgical field, and a correspondingly smaller proportion of time looking at the standard monitors. Anesthesiologists can detect patient events faster with an HMD when they are busy performing procedures, but not during normal monitoring. There was no evidence of anesthesiologists' performance or monitoring behavior being affected by perceptual issues with the HMD, and no evidence that more events were missed with the HMD due to inattentional blindness. Summary Anesthesiologists may be able to monitor their patients more effectively when an HMD is used in conjunction with existing monitors, but several engineering and implementation issues need to be resolved before HMDs can be adopted in practice. Further research is needed on the design of information displays for HMDs.
Keywords head-mounted display, head-up display, head-worn display, monitoring period of the present article (2008-2009) of whether the potential disadvantages of head-up displays [11] and HMDs [12] would also apply to anesthesia [13] . There are two main concerns.
First, prior research on perceptual issues with HMDs has found that, when transparent monocular HMDs are used in dynamic environments with binocular viewing, the reaction time to information presented on the display is increased [14] . Moreover, head-up displays are focused at optical infinity so that pilots can maintain their visual attention on the outside environment [11] , but it is unclear at what distance an HMD should be focused for anesthesiologists working in an operating room.
Second, the main disadvantage with head-up displays is the 'inattentional blindness' or 'cognitive tunneling' phenomenon in which pilots may miss unexpected but salient safety-critical events within their field of view [3, 11] . For example, pilots performing a landing in a flight simulator using a head-up display were more likely to completely miss an unexpected runway incursion [15] . This phenomenon has been replicated with HMDs in laboratory environments [16] , but has not been investigated in anesthesia [13] .
Patient monitoring with head-mounted displays Liu et al. 797 Figure 1 The Microvision Nomad ND2000 (Bothell, WA) headmounted display A LASER-scanned display inside the head mount projects a computergenerated image onto a semi-transparent combiner, which then reflects the image onto the wearer's retina. We review four studies [17 ,18 ,19,20 ,21 ] that have investigated the potential advantages and disadvantages of monitoring with HMDs, and discuss the implications for the design of HMDs and their implementation in hospital environments (Fig. 4) .
Human factors research
All four studies (see Table 1 ) were conducted by a team including the present authors; therefore many aspects of implementation are similar. A Microvision Nomad ND2000 HMD (Fig. 1 ) was worn by similar groups of attending and resident anesthesiologists at the Royal Adelaide Hospital under different monitoring conditions and levels of workload.
Study 1: distractions during simulated anesthesia
This study [17 ] compared the relative merits of monitoring using combinations of two advanced anesthesia displays: an HMD that displayed key vital signs but no waveforms, and an advanced auditory display. Sixteen anesthesiologists were distracted by a reading-based task (classification of scientific abstracts into categories) whereas they monitored a resident (actor) who provided anesthesia in a full-scale simulator.
During four 22 min scenarios, each with a different display, the resident provided anesthesia to a simulated patient. Actors played the roles of all operating room staff. Three clinically significant patient events were presented in each scenario, and the resident pretended to 'miss' the events by not taking corrective action until a predetermined time in the scenario.
When only the HMD was available, the number of events detected and the mean event detection times were not significantly different from the scenarios in which only standard monitoring was available. However, participants rated their event detection times with the HMD as being faster than with standard monitoring.
Study 2: simulated anesthesia
The aims of this study (experiment 1 in [18 ,19] ) were to determine whether wearing an HMD affects how quickly anesthesiologists detect and resolve patient safetyrelated events under relatively normal conditions, and whether the focus setting of the HMD (2 diopters versus optical infinity) makes any difference.
During three 35 min scenarios, each with either no HMD, HMD with near focal depth or HMD with far focal depth, 12 anesthesiologists provided general anesthesia in a simulated operating room. Actors played the roles of surgical and nursing staff. Eight events were embedded within each scenario (24 unique events in total) and were designed based on a combination of where the event was presented (HMD, anesthesia machine, patient, elsewhere in the operating room) and the participant's ongoing task location (near, far).
There was no effect of HMD use on the number of events detected or the event detection times. When the HMD was available, participants spent significantly more time looking towards the patient, and significantly less time looking towards the anesthesia machine, than during scenarios with standard monitoring only. The focal depth of the HMD had no effect on event detection times or direction of gaze, but most participants preferred the near focus.
One particular safety-critical event (performance of checking blood against the patient prior to an assistant initiating transfusion, when distracted by a question from the surgeon) was investigated in detail [19] . Those wearing the HMD with near focus were more likely to engage in conversation with the surgeon rather than refusing the inquiry. Although there was no difference in performance or omission of the blood-check with HMD, the behavior of engaging in or blocking the inquiry was significant.
Study 3: simulated fiber-optic intubation
This study (experiment 2 in [18 ] ) compared event detection times with and without an HMD for anesthesiologists who are physically and operationally constrained. Twelve anesthesiologists were constrained by navigating a maze using a fiber-optic endoscope while simultaneously monitoring a simulated patient's vital signs for unexpected changes. Participants performed two 10 min scenarios: one with and one without the HMD. Four different events consisting of vital signs changes were presented within each scenario. When the HMD was available, participants detected two events significantly faster than with standard monitoring, and one event significantly slower than with standard monitoring. The difference in detection times for the remaining event (change in ECG waveform, heralded by an audible 'ectopic' beat from the pulse oximeter) was not significant. Differences in the relative speed of detection between the four events were due to the perceptual characteristics of the displayed information (changes in numerical versus waveform data), inattentional blindness, plus participants' overconfidence in their ability to notice changes on the HMD.
When the HMD was available, participants spent significantly more time looking towards the 'patient' area (manikin and endoscope monitor), and significantly less time looking towards the physiologic monitors, than when it was not available.
Study 4: clinical anesthesia for rigid cystoscopy
This study [20 ,21 ] evaluated an HMD in a clinical environment to determine whether the findings of reduced visual scanning with the HMD in simulated environments would translate to practice. Six anesthesiologists each provided anesthesia to six patients undergoing elective rigid cystoscopy (31 min median case duration). Each anesthesiologist performed three cases with and three cases without the HMD. The HMD displayed most of the information available from the main patient monitor.
When the HMD was available, participants spent significantly more time looking towards the patient, and significantly less time looking towards the anesthesia workstation, than in cases in which only the standard monitoring was used. This trend was more pronounced during an episode of regurgitation that occurred during a 
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The design considerations relate to the engineering of head-mounted display devices, human factors concerns, and the clinical workflow and productivity of anesthesiologists.
case in which the HMD was used. The vital signs considered most useful on the HMD varied with each participant, but almost all participants believed that the HMD should have displayed more information.
Discussion
The findings from the four studies indicate that the advantages of head-up displays for aviation are applicable to HMDs in anesthesia.
First, the findings from the simulator studies indicate that anesthesiologists can detect patient events faster with the HMD when performing procedures that make it difficult to view a standard monitor, but not during normal anesthesia when they are free to move around the operating room or reallocate their visual attention. However, study 3 demonstrated that in some cases events can be detected more slowly with the HMD, possibly at least partly due to the way information is represented on the HMD (see next subsection).
Second, the reduction in visual scanning afforded by the HMD was clearly demonstrated in the simulator and clinical studies by the corresponding increase and decrease in the anesthesiologists' proportion of time spent looking towards the patient and monitors, respectively.
The perceptual and cognitive issues with head-up displays in aviation do not appear to be a major cause for concern in anesthesia, but their effects can be mitigated with improved display design and training.
800 Technology, education, training and information systems First, although there were reports of visual interference with the HMD, all participants successfully completed the study scenarios. Participants may have been adapting to the HMD, but if visual interference were an ongoing issue it could be mitigated by means such as presenting information in peripheral instead of foveal vision [3] . Some participants reported difficulties focusing with the HMD, but no performance or behavioral differences were observed between the two focal depths in study 2.
User training on correct focusing techniques [22] and an understanding of how the HMD focal depth interacts with eye accommodation may be required.
Second, there was no evidence of inattentional blindness in study 2 since events were no more likely to be missed when the participants wore the HMD. Although one event was detected more slowly with the HMD in study 3, it could not be explained by inattentional blindness alone since two other events were detected more quickly with the HMD. On the basis of these findings, the inattentional blindness phenomenon does not appear to be a problem with HMDs in anesthesia.
Future research
An unaddressed question is where and how vital signs data should be displayed on an HMD. Aviation research has found that lower levels of clutter reduces the risk of inattentional blindness [3, 11] , but the findings from the clinical HMD study [20 ] suggest that comprehensive vital signs information is needed for anesthesiologists to use the HMD effectively. Furthermore, anesthesiologists' information needs during specific activities, for example crisis management [21 ] , may be different than those with normal anesthesia.
There are several options for determining where information is spatially located on the HMD [3] . The simplest option (used by all HMD monitoring studies to date) is to display data in a fixed location on the HMD, that is, the data always appears in the same location no matter where the wearer is looking. However, information can also be presented in the wearer's peripheral vision [3] , scene-linked to appear as objects in the real environment (e.g. a virtual sign or billboard) [23] , or presented as conformal imagery where the displayed symbols overlay their real-world counterparts (e.g. a horizon indicator line overlaying the actual horizon) [24] . Conformal imagery mitigates the effects of inattentional blindness [3, 7, 11, 24] , but it is not clear whether vital signs data can be displayed in a conformal manner.
Finally, in all of the studies to date vital signs data have been presented on the HMD as numbers and waveforms, as they are on standard patient monitors. More research is needed to determine whether performance is improved with graphical displays of vital signs data [25] , or when the HMD is combined with other modalities such as auditory and vibrotactile displays [26] .
Design of head-mounted displays
This section discusses the tradeoffs in the design of HMD devices relevant to patient monitoring.
Form factor and workflow
The heavy weight and bulk of existing HMDs is a frequent complaint by anesthesiologists and extended use of HMDs results in discomfort, headaches, and reduced head mobility [5,17 ,18 ,20 ,27] . The bulkiness of HMDs, such as the large head mount and battery packs, can make it difficult for anesthesiologists to move about tight spaces in the operating room. Furthermore, the connecting cable between the head mount and battery pack can become tangled with other equipment. An ideal HMD for anesthesia would be small and light, for example completely integrated within a pair of safety goggles. The existing form factor of HMDs may be their greatest setback to clinical adoption.
HMDs also need to support the workflow of anesthesiologists. The HMD should have enough battery life for an entire workday to avoid anesthesiologists having to swap or recharge batteries between cases. The HMD should also fit over/under surgical scrubs, masks, and caps/hats, and should be easy to clean between subsequent uses.
Connectivity
HMDs for patient monitoring should be wireless because a tethering cable to the anesthesia workstation would be too restrictive for anesthesiologists [27] . Suitable wireless communications protocols for hospital environments include the wireless Ethernet family of standards (for example 802.11g) and 3G GSM cellular data networks [28 ] .
Another aspect of connectivity is the interface between the HMD and the computer generating the image of the patient's vital signs. One option is to use a commercial off-the-shelf HMD that interfaces with a body-worn computer via an external video connector [21 ] . Many off-the-shelf devices would be available but their physical connectors and battery packs may be bulky. The other option would be to develop a custom, integrated HMD unit designed specifically to display patient vital signs. An integrated unit would have a smaller form factor and can potentially be tailored to the clinical environment, for example by being easy to clean.
Perceptual characteristics
There are fundamental design choices for an HMD's optical system including ocularity, opacity, focal depth, image source, and color capability [12] .
The most obvious difference for users is whether an HMD is monocular or binocular. Monocular HMDs are simpler, cheaper, and lighter than binocular displays, but they may cause perceptual issues such as binocular rivalry where each eye sees a different image, potentially leading to clear, high-contrast images becoming suppressed [14, 29] . Conversely, binocular displays can result in other perceptual problems such as convergence mismatches [1, 12] .
Opaque HMDs give the wearer a monocular view of the world, making perceptual-motor tasks such as inserting lines more difficult [13] , whereas video see-through displays result in reduced visual acuity and introduce problems with parallax [2] . Optically transparent HMDs can provide anesthesiologists with an unencumbered view of the operating room.
Most HMDs have either a fixed or user-adjustable depth of focus. Head-up displays for aviation are focused at optical infinity but, as there is no obvious equivalent for anesthesia, an adjustable focus HMD should be used to let anesthesiologists tailor the display to their resting point of accommodation and thereby minimize eyestrain [18 ,30] .
Images projected by HMDs are typically generated by microdisplay sources or light amplification by stimulated emission of radiation (LASER)-scanned displays [1] . Microdisplays can generate full-color images, whereas LASER-scanned displays can be substantially brighter but are often monochrome. LASER-scanned displays can provide greater contrast against bright surgical lights in operating rooms, but anesthesiologists may recognize changes in color-coded vital signs faster than with a monochrome display [31] .
Future technology
Many of the issues identified in this section may become irrelevant as HMD technologies continue to improve. HMDs may ultimately shrink to the size of a wearable contact lens [32] .
Clinical implementation
Before HMDs can be implemented in practice, several implementation issues need to be addressed.
Device interfaces
HMDs can be interfaced with patient monitors and ventilators using a proprietary or an open, interoperable communication interface [33 ] . Proprietary interfaces limit HMDs to displaying vital signs data from monitors that support the same proprietary interface, whereas interoperable communication protocols such as the ISO 11073 family of standards [33 ] let HMDs connect to a larger range of equipment and manufacturers.
Workflow integration
HMDs will be tolerated by anesthesiologists only if the productivity benefits that result from wearing the display outweigh the negative aspects. Anesthesiologists could wear and remove the HMD at the commencement and conclusion of each case, but this increases their workload during traditionally busy times. Alternatively, the HMD could be worn at the start of the operating list and removed only at the very end, but this requires the HMD to be worn continuously for many hours.
The operating range of an HMD depends upon the wireless infrastructure used to stream patient data [28 ] . Wireless Ethernet standards such as 802.11g are ubiquitous but may not provide enough range or seamless transitioning between access points. 3G GSM cellular data networks are designed for mobile applications but there are challenges in providing enough signal strength within hospital buildings and securing sensitive patient data.
When the anesthesiologist moves between operating rooms, an issue arises of which patient's vital signs should be presented on the HMD. The HMD could always display vital signs from the same patient, irrespective of where the anesthesiologist happens to be. Alternatively, the HMD could automatically display the vital signs for the patient in the same operating room as the anesthesiologist.
Training
Clinician training with HMDs would include learning about wearing and removing the HMD and its battery pack, focusing the display, and avoiding fatigue (e.g. over-tightening the head mount). Clinicians would also need to understand the importance of visually scanning the information on the HMD to avoid missing important changes.
Conclusion
Head-mounted displays can help anesthesiologists monitor patients' vital signs in addition to the existing monitors. HMDs let anesthesiologists spend more time looking towards the patient instead of the monitors, and HMDs can help anesthesiologists detect events faster when they are busy performing procedures. The disadvantages of head-up displays reported in the aviation literature do not appear to affect HMDs in anesthesia. However, before HMDs can be adopted in clinical practice several design considerations and implementation issues need to be addressed.
